Recent studies in population-based samples with mean ages between 45 and 55 years at baseline have shown increased cardiovascular event rates in adults with "high-normal" blood pressure (BP) (systolic: 130-139/diastolic: 85-89 mm Hg) 1 with a similar cutoff of the "borderline" prehypertension subgroup, with no antihypertensive treatment. 2 Although the increased prevalence of hypertension and the common occurrence of borderline prehypertension affects cardiovascular mortality in middle and older age, their early impact on cardiac structure and function has not yet been well characterized. Arterial hypertension is itself a common etiologic factor for the development of diastolic heart failure, even in presence of normal or supernormal left ventricular (LV) systolic function, 3 and can induce left ventricular hypertrophy (LVH), with an increased connective tissue matrix and a reduced vasodilator capacity of the intramyocardial vasculature. Weber and Brilla 4 described three stages of LVH in pressure-overload myocardium: an adaptive phase and a compensatory phase, both with relief of increased load associated to reversal LV dysfunction, and a pathologic phase, with abnormal LV function even with the removal of excessive load. Therefore it would be crucial to find a method for a reliable detection of LV dysfunction onset in patients with arterial hypertension, before irreversible damage occurs. For this purpose, we used a relatively novel ultrasonic method such as 2D strain echocardiography, for a better investigation of LV function at all planes: longitudinal, radial, and circumferential in comparison with conventional echocardiographic method. On the other hand, we tried to find some 
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etiologic relationship between the complex humoral factors contributing to the pathogenesis of hypertension 5, 6 such as insulin and/or insulin resistance and the LV functional parameters of pre-HT and hypertensive (HT) patients.
As observations on LV structure and function analyzed by magnetic resonance imaging 7, 8 in pre-HT physiopathological model are few in literature, this study aims to: (i) analyze LV mechanics in strictly selected pre-HT and HT subjects using new ultrasonic technologies such as two-dimensional strain (2D strain) and (ii) then evaluate possible relationships between LV functional parameters and insulin metabolism.
Methods
Study population. Seventy-four consecutive newly diagnosed, untreated HT subjects were observed at our department. According to both JNC7 (ref. 9 ) and the more recent ESH/ ESC 2007 guidelines, 10 they were divided into two groups, in relation to their BP office values: borderline pre-hypertensives (or "high normal") (pre-HTs) (n = 41, 27 males) (systolic BP: 130-139/diastolic BP: 85-89 mm Hg) and HT subjects (n = 33; 26 males). In the same period, thirty-three normotensive (NT) healthy subjects (23 males) comparable for age and sex with pre-HT and HT were recruited as controls (NT) (cutoff: systolic BP: 120-129/diastolic BP: 80-84 mm Hg). Ambulatory BP monitoring (ABPM) was performed in all subjects and confirmed the diagnosis of hypertension ( cutoff for daytime ABPM values <130/85 mm Hg, 11 avoiding the "white coat" effect. Inclusion criteria: no previous diagnosis of hypertension; no previous treatment with antihypertensive or antidiabetic drugs or any other drug known to affect glucose and lipid metabolism; absence of diabetes (i.e., a fasting plasma glucose <7.0 mmol/l and a 2-h plasma glucose concentration <11.1 mmol/l) or severe obesity (i.e., a body mass index ≥40 kg·m −2 ). Exclusion criteria were: impairment of LV systolic function (ejection fraction <50%), congestive heart failure, significant valvular heart disease by Doppler analysis, cardiomyopathy, an history of myocardial infarction, and/or an electrocardiogram-stress test positive for coronary artery disease. Once selected all participants underwent an echocardiographic examination, thus reserving eligibility for the study to those with a good acoustic window (only three patients were excluded for inadequate acoustic window). All patients and controls performed all subsequent experimental procedures.
Experimental procedures
Biochemistry: Blood samples were taken for biochemical analysis of renal function, electrolytes, fasting insulin and glucose, total cholesterol and triglycerides, LDL and HDL cholesterol. Insulin was analyzed by immunoradiometric assay (DiaSorin, Saluggia, Italy) and cholesterol by conventional enzymatic colorimetric assays.
Insulin resistance assessment: Homeostasis model assessment of insulin resistance (HOMA IR ) was calculated as fasting glucose (in mmol/l) × fasting insulin (in mU/ml)/22.5. HOMA IR has proved to be a robust method to assess insulin resistance, being the sampling easy and the results available with no complex computing. 12 We have expressed HOMA IR in log unit because it is closer to normal distribution, than HOMA IR itself.
ABPM. Both systolic and diastolic BP (Korotkoff V phase) were measured at the time of echocardiographic examination by mercury sphygmomanometer after the subject had been sitting for at least 5 min. Ambulatory BP was measured using an oscillometric device (SpaceLabs 90202; SpaceLab, Redmond, WA) 13 on nondominant arm. The device was set to provide automatic measurements every 15 min from 0600 to 2400 h and every 30 min from 2400 to 0600 h. The monitoring was performed at home, during working days, with the subjects performing their usual activities, but instructed to avoid arm extension during inflation. Twenty-four hours BP values were then downloaded and processed on a PC with a specialized software, to obtain the average daytime systolic and diastolic BP values; the daytime interval was arbitrarily defined as that between 8 am and 10 pm. Left ventricular mass (LVM) index was determined by dividing the LV mass measurement by the body surface area (g/ m 2 ) (LMVbs) or by height (LVMh) (h 2.7 ). LV end-diastolic volume (LVEDV) and end-systolic volume (ESV) were calculated from the apical 2-and 4-chamber views using a modified Simpson's method. LV ejection fraction was calculated as ejection fraction (LVEDV-LVESV)/LVEDV × 100. Transmitral flow and LV outflow velocity patterns were obtained from the apical long-axis view with the pulsed Doppler method. 14 For the assessment of global longitudinal LV diastolic function, we acquired and measured by pulsed-wave tissue Doppler imaging (PW-TDI) the mitral annulus early (e′) and late (a′) diastolic velocities at septal and lateral sides. In particular, we considered the ratio between transmitral early diastolic flow velocity (E) and the average (septal and lateral) of early velocity of mitral annulus motion (e′), which plays an important role in the estimation of LV filling pressures. 15, 16 2D strain imaging. We acquired LV short-axis views at the apical, mid, and basal levels, and LV apical two-and four-chamber views using a high-frame rate (80 frames/s). The basal shortaxis view contained the mitral valve, the mid short-axis view contained the chordae tendineae, and the apical short-axis view was acquired distal to the papillary muscles. At each plane,
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Left Ventricular Mechanics in Prehypertension three consecutive cardiac cycles were acquired at end expiration breath holding and stored digitally on a hard disk for offline analysis. Image analysis was performed offline on a PC workstation using custom analysis software (Echopac PC, Version 6.0.X; GE Healthcare, Fairfield, CT). The LV endocardial border of the end-systolic frame was manually traced. Once traced this line, the computer automatically created a region of interest including the entire transmutably wall for all patients, and the software selected natural acoustic markers moving with the tissue. Automatic frame-by-frame tracking of these markers during cardiac cycle (2D systolic time interval method) yielded a measure of rotation, rotational velocity, strain, and strain rate at any point of myocardium. The LV was divided into 16 segments, and each segment was individually analyzed. 17 2D LV strain, strain rate, and rotation were measured using a dedicated software package. In the present study, longitudinal strain and strain rate were assessed in the six LV walls on the apical 2-chamber view and in the six LV walls on the apical four-chamber view. Circumferential strain and strain rate were assessed in the six LV walls on the parasternal LV short-axis view at the level of the chordae tendineae, and their average values were used for comparison. Radial strain and strain rate were assessed in the six LV walls on the parasternal LV shortaxis view at the level of the chordae tendineae. 18 The sonographers were blinded from the subject belonging BP group. The intraclass correlation coefficient (r i ) was calculated according to Bland and Altman's procedure. 19 Three values of 2D strain were sampled for each patient and for each septal and lateral mid segment: the correlation coefficient (r i ) for septal was 0.87 and for lateral it was 0.88.
The study protocol was approved by the institutional review board of the University of Pisa (Pisa, Italy) and each subject gave informed written consent to participate.
Statistical analysis. Continuous variables were expressed as mean ± 1 s.d. A multiple group comparison was performed through one-step variance analysis, followed by Bonferroni test for a detailed comparison between the groups. A χ 2 -test was performed to compare the variables expressed as percentage. The intraclass correlation coefficient (r i ) was calculated according to Bland and Altman's procedure, using a one-way analysis of variance for repeated measurements. Relations between echocardiographic and clinical or humoral parameters were expressed in terms of univariate linear regression analysis. A multivariable step-wise regression analysis was also performed to exclude eventual interactions between the variables selected by univariate regression. A P value of <0.05 was considered significant.
results
The demographic and clinical parameters of the three studied groups are explained in Table 1 . With the exception of BP parameters, by definition, the only significant differences original contributions
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concerns insulin and HOMA IR , being significantly higher both in pre-HT and HT groups respect to NT.
lV remodeling
Even structural and functional abnormalities ( Table 2) were present in pre-HT and HT patients: we found, in fact, a significant increase of LVM, both indexed by height or body surface area, in comparison with NT (P < 0.0001 for both). The cardiac remodeling occurring in pre-HT patients is quite different from what interests HT group, because in the latest group there was also a significantly higher LVEDV (93.8 ml ± 15.6 in HT vs. 86.6 ± 18 in pre-HT and 76.4 ± 10.3 in NT; P < 0.0001). By the analysis of the relationship between RWT and LVMh 2.7 , we found that 73% of pre-HT and 60% of HT had a normal RWT and a normal LVMh; furthermore 40% of HT and 27% of pre-HT showed an increased LVMh with normal RWT (P < 0.03). The LV systolic function sampled with the conventional echocardiographic approach proved no significant differences between the three groups. Instead the LV early and global diastolic function evidenced abnormalities in pre-HT and HT, detected by Doppler mitral flow velocity analysis: peak E was progressively lower in pre-HT and HT in comparison with NT (0.6 ± 0.1 in HT vs. 0.7 ± 0.1 in pre-HT and 0.8 ± 0.1 in NT; P < 0.0001), whereas the late diastolic LV functional phase appeared comparable in all groups. The analysis of pulsedwave tissue Doppler imaging at mitral annulus level ( Table 2) revealed subtle alteration of diastolic longitudinal function, confirming that only the early phase of longitudinal function is impaired, essentially at septum level. Prominently the E/e′ ratio showed a progressive and significant increase in pre-HT and HT in comparison with NT controls (9.7 ± 2.3 in HT vs. 8.5 ± 2.9 in pre-HT and 6.1 ± 1.5 in controls; P < 0.0001).
lV deformation analysis
2D longitudinal systolic strain ( Table 3 ) appeared significantly lower both at mid septum and mid lateral level in pre-HT and in HT, in comparison with controls (P < 0.002). Also the analysis of longitudinal 2D strain rate, essentially at septum level, confirmed a progressive impairment in pre-HT and HT compared to NT, both of systolic and diastolic parameters. Instead the radial and circumferential 2D systolic strain functions were comparable in all three groups and in all LV segments. Even considering only the pre-HT and HT patients with LVM within normal values (Table 3) , we found that the same previously described structural and functional abnormalities were present in pre-HT and in HT patients, but in a milder expression. It was relevant that the demographic, clinic, and echo Doppler conventional parameters of the subgroup with normal LVM were super imposable with those of control group.
significant correlations
Considering the regression analysis (Table 4 ) between the main variables (systolic arterial pressure systolic ABPMh, LVMh 2.7 , and log HOMA IR ) we discovered that: (i) as expected, the systolic arterial pressure systolic ABPMh is related to LVMh 2.7 (r = 0.42; P < 0.0001) and to log HOMA (r = 0.35; P < 0.0001) and (ii) PW-TDI diastolic parameters of longitudinal LV function and both 2D systolic strain and systolic and diastolic 2D strain rate parameters are related to systolic ABPM, LVMh 2.7 , and log HOMA. These relationships do not significantly original contributions Mid septal E/a 2.3 ± 1. A, late diastole; 2D strain, two-dimensional strain; E, early diastole; LVMh 2.7 , left ventricular mass indexed by height; S, systole. *P < 0.05 comparison between prehypertensive, hypertensives, and controls. **P < 0.01 comparison between prehypertensive, hypertensive, and controls. ***P < 0.05 comparison between prehypertensive and hypertensive. original contributions
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change when adjusted for age, sex, and body mass index in a multivariable step-wise regression analysis.
discussion
The main finding of our study was the discovery of several structural and functional LV systolic and diastolic abnormalities by 2D strain echocardiography in pre-HT subjects common to the HT group, whose abnormalities are nevertheless more severe. In both groups we found: (i) an higher LVM, due to a significantly higher myocardial thickness and LV diastolic volume in comparison with NTs; (ii) a mild LV diastolic dysfunction detected with Doppler mitral flow velocity and by PW-TDI at annular septum level, essentially of the early relaxation phase; (iii) a significantly higher PW-TDI E/e′, as expression of a higher estimated LV filling pressure; (iv) a progressive significantly lower longitudinal 2D systolic deformation at septum and LV lateral wall level; (v) at a milder level, the same previous functional and structural abnormalities which differentiate these groups from controls even considering pre-HT and HT with normal LVM; (vi) the association of the above described LV functional abnormalities with systolic ABPM, LVM, and log HOMA IR .
a comparison with previous studies
The Trial of Preventing Hypertension (TROPHY) study affirmed that over a period of 4 years, stage 1 hypertension developed in nearly two-thirds of patients with untreated prehypertension (the placebo group); instead treatment of prehypertension with candesartan appeared to be well tolerated and reduced the risk of incident hypertension during the study period. 20 The Strong Heart Study, observing a large population of HT and pre-HT patients with high prevalence of obesity and diabetes, demonstrated that, despite the young age, the participants showed already the presence of LVH, a well-known independent adverse prognostic factor. 3 In a more recent study, it was found that cardiac magnetic resonance imaging was able to determine preclinical abnormalities of regional LV function in pre-HT subjects and that these alterations related to insulin resistance and other metabolic factors. 8 Another study in HT LVH, magnetic resonance imaging tissue tagging demonstrated substantial regional intramyocardial strain heterogeneity, with most severely depressed strain patterns at septum level. 7 As far as literature concerns, our research represents the first study on regional LV function in pre-HT and HT subjects, using 2D strain echocardiography, which is a robust ultrasonic technique, 21, 22 recently validated by magnetic resonance imaging, allowing the study of the ultra structure and function (deformation) of the myocardium through strain and strain rate analysis.
epidemiology and physiopathology of prehypertension
According to JNC 7 (ref. 9) and to recent guidelines of ESH/ ESC 10 a new category based on BP level, called "borderline" prehypertension or "high normal, " requires attention and health-promoting lifestyle modifications at an even earlier stage to prevent the progressive rise in BP and cardiovascular disease. The prevalence of borderline prehypertension or hypertension in adults is high, with hypertension having increased by 10% in the past decade. In prehypertension, BP remains a strong predictor of cardiovascular events after a statistical adjustment for other risk factors, 23, 24 suggesting that a reduction of BP might be beneficial. The transition from prehypertension to established hypertension reflects, in part, ongoing changes such as arteriolar hypertrophy 25 and endothelial dysfunction. 26 Growth factors mediated by stimulation of the sympathetic nervous system and excess activity of the renin-angiotensin system 27 tend to promote vascular hypertrophy by direct as well as hemodynamic effects. Elevations in plasma norepinephrine and plasma renin concentrations 28 have been described in prehypertension.
lV deformation, myocardial fibrosis, and BP
In several experimental studies it has been demonstrated that the development of myocardial fibrosis with no growth of muscle mass is the major determinant of cardiac organ damage responsible for LV diastolic-systolic dysfunction and the occurrence of heart failure, 29, 30 showing the existence of a direct relationship between myocardial fibrosis content and LV dysfunction. In hypertension interstitial and perivascular fibrosis is likely to affect primarily the subendocardium.
Longitudinal fibers, as a consequence of their prominent subendocardial location, are more vulnerable to fibrosis and hemodynamic overload. Thus, subendocardial long-axis function may be impaired earlier than the development of circular fiber dysfunction in the mid wall, being thus recommended as a potential marker of subclinical LV dysfunction in some disease entities. [31] [32] [33] In our study, we demonstrated that pre-HT induces the same structural abnormalities of newly diagnosed, untreated HT patients, although in a milder manner, because they present an increased LVM, even indexed by height. From a functional point of view, we observed an impairment of LV diastolic function, essentially evidentiated by a significant reduction of mitral flow peak E velocity (abnormal active relaxation phase), a significant increase of mitral deceleration time and a relative progressive increase of E/e′ ratio, as estimation of LV filling pressure level. LV systolic regional and global function appears normal in these early phases of hypertension, essentially at circumferential and radial planes. Only longitudinal regional deformation (2D strain) appears altered in pre-HT and in HT, both at septum and lateral wall level. This finding could be related to an early abnormal systolic function limited to subendocardial fibers, whereas the subepicardial fibers that account for circumferential strain are spared. The interaction between functional and structural myocardial abnormalities could explain the diastolic dysfunction, whereas interstitial fibrosis could be responsible for this systolic functional involvement, being inversely related to LV strain. 34, 35 Systolic ABPM is related to all the parameters previously described, having a fundamental role for the determination of these abnormalities. Even considering only pre-HT and HT with LVMh within normal range, we observe the same just described behavior for all the structural and functional para meters. This phenomenon confirms previous Even if the relation between systolic ABPM and LV structural and functional parameters is not novel, the new finding was their association with metabolic abnormality, such as insulin resistance. It has been previously shown that insulin resistance in patients with essential hypertension is directly related to BP and many studies have linked insulin resistance with cardiovascular risk. 37, 38 We found insulin resistance associated not only to increased systolic ABPM mean but also to reduced LV longitudinal strain and increased LV mass, even if this value was within reference ranges. Several hypothetical mechanisms could lead insulin resistance/hyperinsulinemia to HT status such as increased sensitivity to dietary salt intake, heightened renal sodium and water reabsorption, augmented pressure and aldosterone responses to angiotensin II, stimulation of sympathetic nervous system activity, and impaired vasodilatation. 6, [39] [40] [41] limitations of study An important limitation of the present study was the relatively small study population, even if the accurate selection of never-treated patients could justify the small number; further longitudinal investigations are needed to better clarify these preliminary findings on the basis of a larger study population. Another limitation is represented by the lacking demonstration of a possible reversibility (normalization) of these abnormalities after a period of lifestyle changes and of possible pharmaco logical treatment, which could be of relevant clinical interest. This study is the first demonstrating, by echocardiography, the presence of early functional abnormalities of longitudinal systolic (by 2D strain) and diastolic function (by 2D strain rate) in borderline prehypertension. These functional abnormalities have a parallel development with the increase in LVM and could represent, if confirmed, a novel marker for early myocardial dysfunction in pre-HT patients with otherwise preserved chamber function. Insulin resistance could represent one of the potential etiologic factor to contribute the determination of the structural and functional myocardial abnormalities found in borderline pre-HT subjects.
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